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Monazite, a rare earth and thorium bearing phosphate mineral, is one of the major minerals 
used for the production of rare earth elements. Although sulfuric acid baking is one of the 
main processing routes for extraction of rare earth elements from monazite, the chemistry 
involved is not well understood. In this study, a combination of chemical analysis and 
standard characterisation techniques (XRD, SEM-EDS, FT-IR and TG-DSC) was used to 
identify reaction processes occurring during the sulfuric acid baking of monazite between 200 
and 800°C. The effects of these reactions on the leachability of the rare earths, thorium and 
phosphate were also examined. It was observed that the sulfation reaction of monazite with 
acid was virtually complete after baking at 250°C for 2 h, resulting in >90% solubilisation of 
rare earth elements, thorium and phosphate. After baking at 300°C, a thorium phosphate type 
precipitate was formed during leaching, leading to a sharp decrease in extraction of thorium 
and phosphate, but the leaching of rare earth elements reached nearly 100%. The EDS and 
FT-IR analyses of this precipitate were indicative of a thorium pyrophosphate. As the bake 
temperature was further increased to 400-500°C, extraction of thorium, phosphorus and the 
rare earth elements decreased due to formation of insoluble thorium-rare earth 
polyphosphates. The formation of these polyphosphates is thought to be related to 
dehydration of orthophosphoric acid produced in the initial reaction of monazite with sulfuric 
acid. Between 650 and 800°C, monazite was partially re-formed, leading to a further decrease 
in rare earth extraction to 55%. The re-forming of monazite appeared to be due to a reaction 
between the thorium-rare earth polyphosphates and rare earth sulfates.  




















Rare earth elements have become fully integrated into the requirements of the modern world, 
finding application in a myriad of technologies underpinning energy, defence and industry. 
The result, in developed nations, is an economic dependence on these elements which has 
been reflected in the classification of certain rare earth elements and compounds as ‘critical 
materials’ by both the United States and the European Union (Bauer et al., 2010; Moss et al., 
2013). The majority of the world’s rare earth resources are found in two minerals, namely 
monazite [(Ce,La,Th)PO4)], the subject of this study, and bastnasite [(Ce,La)CO3F] 
(Humphries, 2012). Monazite is commercially processed either by sulfuric acid baking or 
alkali digestion (Gupta and Krishnamurthy, 2005). Caustic digestion is used for high grade 
monazite concentrates whereas lower grade monazite concentrates tend to be processed via a 
sulfuric acid bake (Lucas et al., 2014). Sulfuric acid baking is currently used by the world’s 
largest rare earth producer at Bayan Obo in China, for processing Baotou mixed 
bastnasite/monazite concentrate (Zhang et al., 2015), and also by Lynas Corporation for 
processing monazite concentrate from Mt. Weld, Australia (Lynas Corporation Ltd, 2011). 
Junior mining companies looking to develop monazite bearing rare earth deposits have 
similarly opted for sulfuric acid bake processing (Goode et al., 2013; Hastings Technology 
Metals Limited, 2016). 
Sulfuric acid based treatment of monazite has a long history, being first developed in the 
early-mid 1900’s for the recovery of rare earths and thorium from high grade beach sand 
monazites (Kithil, 1915; Pilkington and Wylie, 1947; Shaw et al., 1954). Early processes 
involved digestion of monazite in stirred reactors at 200-245°C, using an acid:concentrate 
weight ratio varying from 1.5:1 to 3:1 (Borrowman and Rosenbaum, 1961; Pilkington and 
Wylie, 1947; Shaw et al., 1954). Shaw et al. (1954) found that a minimum temperature of 
about 200°C was required for near complete monazite decomposition, while the minimum 
acid:concentrate ratio required was 1.6:1 for the two samples tested. Takeuchi (1976) reacted 
monazite with sulfuric acid at temperatures ranging from 200°C to 300°C, and found that 
thorium extraction decreased if a temperature of 300°C was used in combination with longer 
reaction times. This was attributed to formation of insoluble thorium pyrophosphate, although 
















Sulfuric acid baking of Baotou mixed bastnasite/monazite concentrate was developed in the 
1970’s (Zhang et al., 2015). The Baotou rare earth ore has bastnasite:monazite ratios ranging 
from 9:1 to 1:1. Acid bake processes at different temperatures have been developed. Initially, 
a low temperature bake was used, which resulted in solubilisation of the rare earths and 
impurities during leaching (Zhang et al., 2015). In the 1980’s, this was superseded by a bake 
at 500-900°C, called “high temperature baking”, which reduced the extraction of thorium and 
phosphorus, leading to the benefits of a simplified purification process (Huang et al., 2015; 
Zhang et al., 2015). Thorium and phosphorous concentrations in the leach liquor decreased as 
the bake temperature increased from 450°C to 600°C; however, the extraction of rare earth 
elements also decreased slightly as the bake temperature increased (Zhang et al., 2015). In a 
thermal analysis study of Baotou concentrate with sulfuric acid, Wang et al. (2010) attributed 
formation of thorium pyrophosphate and polyphosphate to an endothermic event between 300 
and 350°C. These thorium phosphate species were reportedly formed from the reaction of 
pyrophosphoric (H4P2O7) and polyphosphoric (e.g. (HPO3)n) acids, products of dehydration 
of orthophosphoric acid (H3PO4), with thorium sulfate (Th(SO4)2), although no direct 
experimental evidence was provided. These reactions have been reported as the reason for 
decreased thorium and phosphorus extractions after ‘high temperature’ baking of Baotou 
concentrate (Zhu et al., 2015). The structures of phosphoric acids and some of the phosphate 
anions are shown in Appendix A. 
While it has been shown that the temperature of the sulfuric acid bake can be manipulated to 
improve the selective extraction of rare earth elements leading to benefits such as simplified 
downstream processing, the reactions responsible for driving these effects are not clearly 
understood. A number of studies have reported the formation of insoluble thorium phosphate 
species at higher bake temperatures without direct experimental evidence. In this work, a 
study of the sulfuric acid baking of a high grade monazite concentrate was carried out at 
various temperatures between 200°C and 800°C. The focus of the study was a detailed 
examination of the reaction products formed during the acid bake using chemical analysis, 
XRD, SEM-EDS and FT-IR. The baked solids were subjected to acid leaching to investigate 
the dissolution of the different species formed. The leach residues were characterised using 
the techniques mentioned above and the results were compared with thermal events identified 
by thermogravimetric analysis to identify reaction processes, and the temperatures at which 
















2 Materials and methods 
The monazite sample investigated was a high grade concentrate obtained from an Australian 
placer type deposit. The elemental composition was determined by X-ray fluorescence 
spectroscopy (XRF) and digestion followed by ICP-MS. The sample was ground to a particle 
size of P80 = 44 µm prior to acid bake tests. Acid bake tests were carried out at temperatures 
between 200 and 800°C in a muffle furnace using 20 g of monazite concentrate. The acid 
addition was fixed at 250% of the acid required to provide sufficient (stoichiometric) sulfate 
ions to complex all cations in the sample (equivalent to 1700 kg/t). For the 200 and 250°C 
bakes, the sample/acid mixture was placed in a furnace pre-heated to 100°C, heated to the 
target temperature at 5°C/min, held for 2 h, and directly removed from the furnace. For bake 
temperatures above 250°C a two-stage heating profile was used. The purpose of the first 
stage was to ensure complete reaction of the monazite before heating to higher temperatures 
where volatilisation of the sulfuric acid takes place rapidly. The first stage of the higher 
temperature bakes was at 250°C and followed the profile described above for the single stage 
bakes. For the second stage, the sample was heated at 5°C/min to the final target temperature 
and held for two hours. Baked samples were cooled and ground to a fine powder before 
leaching at a liquid to solid ratio of 40:1 in 0.9 M sulfuric acid at 20-25°C for 2 h. The 
solubility of sulfate salts of rare earth metal ions is highest at sulfuric acid concentrations 
closer to 1 M at ambient temperatures (Senanayake et al., 2016). Solid-liquid separation after 
leaching was by vacuum filtration. Leach residues were washed on the filter with 0.9 M 
sulfuric acid, followed by an excess of distilled water. 
Leach filtrates were analysed by inductively-coupled plasma optical emission spectroscopy 
(ICP-OES) and mass spectrometry (ICP-MS) using a Perkin Elmer Optima 5300DV 
instrument and a Perkin Elmer Elan 9000 instrument, respectively. A Rigaku PrimusII 
spectrometer was used for elemental analysis of leach residues by XRF. Both the filtrate and 
the leach residues were analysed, and complete elemental mass balances calculated to ensure 
reliability of the reported elemental extractions. 
Reaction products in baked samples and leach residues were characterised by a combination 
of XRF, X-ray diffraction (XRD), scanning electron microscopy with energy dispersive 
spectrometry (SEM-EDS) and infrared spectroscopy (FT-IR). For SEM-EDS, samples were 
mounted in epoxy resin and analysed using a Quanta 650F electron microscope with dual 
















using a Bruker D8 Advance diffractometer with a CuKradiation source. In-situ high 
temperature XRD analyses were carried out using a platinum heating strip in a PANalytical 
X’Pert Pro MPD diffractometer with a CuKradiation source. The FT-IR spectra were 
obtained on a Nicolet Nexus 8700 FT-IR spectrometer (Thermo Electron Corporation, 
Madison, WI), while Mid-IR spectra were collected using the Smart iTR™ (Attenuated Total 
Reflectance) sampling accessory. Spectra were collected from 650 to 4000 cm–1 at 4 cm–1 
resolution with 16 scans acquired for each sample. A TA instruments SDT-Q600 
simultaneous thermogravimetric analyser and differential scanning calorimeter (TG-DSC) 
was used for thermogravimetric analyses. Both 96% (w/w) sulfuric acid and 85% (w/w) 
orthophosphoric acid were separately analysed by TG-DSC to assist in interpretation of the 
more complex scans of monazite with sulfuric acid. For the monazite and sulfuric acid 
mixture TG-DSC analysis the sample and acid were weighed directly into the instrument 
crucible, using the instrument balance, to avoid sub-sampling errors. An air purge flow rate 
of 20 mL/min was used for the TG-DSC analyses.  
The HSC-chemistry 5.1 software (Roine, 2002) was used to calculate the change in standard 
Gibbs free energy (ΔGorxn) for proposed reactions at different roasting temperatures. These 
values are approximate only, as for most species data for the dependence of heat capacity on 
temperature was not available. A table summarising the thermodynamic data used for these 
calculations and the source references is given in Appendix B. 
3 Results and discussion 
3.1 Chemical analysis and characterisation of sample 
Table 1 shows the elemental composition of the starting material. Monazite was confirmed as 
the major phase in the sample XRD (Fig. 1). Zircon was also present, in addition to trace 
amounts of xenotime (YPO4), ilmenite (FeTiO3) and rutile (TiO2). Point measurements by 
EDS showed that some calcium and silicon were substituted within the monazite mineral 
structure.  Based on the elemental composition, the sample consisted of 93% (w/w) monazite, 
5% (w/w) zircon (ZrSiO4) and 2% (w/w) minor minerals. The particle size distribution is 

















Table 1   Elemental composition of monazite sample by XRF and digestion and ICP-MSa 
Elements P Si Th Zr LREb HREc + Y TRE 
% (w/w) 11.5 1.39 5.97 2.46 46.9 3.21 50.1 
aEu, Ho and Yb were analysed by digest and ICP-MS, all other elements were analysed by XRF; bLa-Nd; cSm-Lu 
 
 
Fig. 1   XRD pattern of monazite sample 
Table 2   Laser sizing particle size distribution by volume for monazite sample 
Percent passing (%) 10 20 50 80 90 
Size (µm) 1.4 3.5 15 44 76 
 
3.2 Effect of leach acidity 
The dissolution of thorium was consistently low in acid bake/leach tests using leach solutions 
of pH 1 and a liquid to solid ratio of 20:1, even for bake temperatures of 200-300°C where 
information from the literature predicted high dissolutions of thorium (Eyring, 1964; 
Pilkington and Wylie, 1947; Takeuchi, 1976). Analysis of the 300°C bake/leach residue by 
XRF showed that the residue was highly enriched in thorium. The high thorium and 
phosphorus content in the leach residue (Table 3) suggested that thorium could be 

















Table 3   Elemental composition of leach residue from 300°C bake/leach by XRF 
Elements P Si Th Zr LREa HREb + Y TRE 
% (w/w) 13.1 4.16 19.7 7.53 14.8 1.24 16.0 
aLa-Nd; bSm-Lu 
Using data from Kim and Osseo-Asare (2012), the solubility product constant for 
precipitation of thorium(IV) phosphate (Th(HPO4)2.4H2O) was calculated. Using the 
solubility product as a guide, it was estimated that a pH of approximately 0.2 was required to 
maintain 500 mg/L of thorium(IV) in solution. Based on these results, the acidity of the leach 
solution was increased to 0.9 M sulfuric acid, and the liquid to solid ratio was increased to 
40:1. Under these leach conditions, the thorium dissolution increased from 1% at pH 1 to 
65% for a bake temperature of 300°C. These leach conditions were therefore used for all 
subsequent tests. 
3.3 Effect of bake temperature on leaching 
The effect of bake temperature on the dissolution of the rare earth elements, thorium, 
phosphate and sulfur during leaching is shown in Fig. 2. The sulfur dissolution was calculated 
with respect to the baked solids and does not include the sulfur volatilised in the bake, while 
the dissolutions of other elements were calculated with respect to the feed to the bake. The 
dissolution of rare earth elements was 90% at 200°C, 96% at 250°C and 99% at 300°C, 
showing that virtually complete reaction of the monazite could be achieved. These results are 
consistent with previous studies by Shaw et al. (1954) and Takeuchi (1976), where a 


















Fig. 2   Effect of bake temperature on dissolution of major elements after acid baking and 
leaching of monazite. (Note: in this work LRE = La-Nd and HRE = Sm-Lu) 
 Bake conditions: 1700 kg/t acid addition; leach conditions: 0.9 M H2SO4, 40:1 (w/w) liquid 
to solid ratio, 2 h.  
Between 250 and 300°C the dissolution of thorium and phosphate decreased sharply to 35% 
and 79%, respectively. By 500°C, the rejection of phosphate and thorium to the leach residue 
was almost complete. For the rare earth elements, increasing the bake temperature above 
300°C resulted in a steady decrease in dissolution to a final value of 52-55% following 
baking at 800°C. The dissolution of heavy rare earth elements was slightly more affected by 
temperature, particularly between 400 and 650°C. Note that for each bake above 250°C, the 
reaction mixture was held at 250°C for 2 h prior to higher temperature treatment. This 
ensured that virtually complete reaction of the monazite was achieved at 250°C before 
heating to higher temperatures. Low dissolutions of rare earth elements therefore could not be 
due to incomplete reaction of monazite, but must be due to formation of insoluble reaction 
products. A small proportion of sulfur was also rendered insoluble at bake temperatures 
between 400 and 800°C. 
3.4 XRD Analysis 
3.4.1 Ex-situ XRD 
The XRD patterns for baked samples and leach residues from tests at the various bake 
temperatures are given in Fig. 3 and Fig. 4, respectively. The patterns were complex and 
















= 8, 7.5 and 5), were identified in the XRD patterns of solids baked at 200, 250 and 300°C, 
showing that rare earth sulfates were formed from the sulfation reaction of monazite. Some 
hydration of the rare earth sulfates probably occurred during handling of the samples after 
baking, due to the hygroscopic nature of the low temperature baked samples. This would 
explain why the rare earth sulfates formed at 300°C appeared to have incorporated more 
waters of hydration (x = 8) than the rare earth sulfates formed at 250°C (x = 5). At 500°C, 
anhydrous rare earth sulfates appeared and persisted to temperatures up to 800°C.  
Rare earth sulfates were not detected in any of the leach residue patterns in Fig. 4, indicating 
that they were fully dissolved during leaching in 0.9 M H2SO4. Monazite reflections were 
observed in the leach residue patterns of monazite baked at 200 and 250°C. However, the 
complete leaching of the rare earth elements from monazite baked at 300°C (Fig. 2) and the 
absence of monazite in the leach residue (Fig. 4) indicate that the reaction of monazite with 
sulfuric acid was virtually complete at 300°C. The increase in rare earth dissolution from 
monazite baked at temperatures between 200 and 300°C observed in Fig. 2 was therefore due 
to an increase in the extent of reaction of monazite with acid. At 800°C, monazite and rare 
earth trimetaphosphate (PrP3O9), a cyclic polyphosphate species (Appendix A), were 
identified in the diffraction patterns for both the baked sample (Fig. 3) and the leach residue 
(Fig. 4). The re-appearance of monazite in the leach residue from baking at 800°C (Fig. 3) 
could not be due to the presence of unreacted monazite, and must therefore be due to re-
formation of monazite as a reaction product during baking (see Eqs. (8) & (9) in Section 
3.7.3). The formation of the above two species, monazite and trimetaphosphate, would appear 
to account for the sharp decrease in rare earth dissolution between 650 and 800°C noted in 
Fig. 2. For a commercial acid bake process, the re-forming of monazite would preclude 
baking at very high temperatures. 
The leach results in Fig. 2 showed a decrease in the leaching of thorium and phosphate from 
monazite baked at temperatures higher than 300°C, and in the leaching of rare earth elements 
at temperatures higher than 400°C. However, there was no evidence for crystalline thorium 
phosphate or rare earth containing compounds in the diffraction patterns of the leach residues 
in the temperature range of 300-650°C (Fig. 4). This suggested that the insoluble compounds 
hosting these elements in the products from baking at 300-650°C were amorphous, until the 

















Fig. 3   XRD patterns for monazite concentrate after acid baking between 200 and 800°C 
 
Ce2(SO4)3.8H2O (1-89-6402) Ce2(SO4)3.7.5H2O (27-573) Ce2(SO4)3.5H2O (1-89-6406)
Pr(SO4)3 (49-253) CePO4 (1-77-429) PrP3O9 (33-1077)



































Fig. 4   XRD patterns of monazite concentrate after acid baking between 200 and 800°C and 
leaching in 0.9 M sulfuric acid solution 
3.4.2 In-situ XRD 
In-situ XRD was limited to the second stage of acid baking, at temperatures between 250 and 
800°C. The sample was baked separately at 250°C prior to mounting on a thin alumina plate, 
which was placed on the heating strip. The heating profile consisted of measurements at 50°C 
steps from 250 to 800°C. The sample was held at each temperature for 30 min before 
measurement using a 4 h acquisition time. A 4 h acquisition time was selected to maintain 
high peak to background ratios. The total duration of the experiment was 60 h.  



































The results showed the formation of only anhydrous rare earth sulfates in the temperature 
range of 250 to 650°C (Fig. 5-6). The rare earth sulfate reflections decreased in intensity at 
temperatures above 700°C, and were almost absent from the 800°C pattern, indicating that 
the rare earth sulfates had largely decomposed or reacted with other species. At 650°C 
monazite reflections started to appear, and increased in intensity up to 800°C. At similar 
temperatures cerium(IV) oxide (CeO2) reflections started to appear, presumably as a result of 
cerium sulfate decomposition. The alumina reflections were due to the alumina mounting 
plate. Interestingly, the rare earth trimetaphosphate identified in the 800°C bake test (Fig. 3) 
was not detected during in-situ XRD analysis (Fig. 5-6); conversely, the cerium oxide formed 
during the in-situ analysis (Fig. 5-6) was not observed in the bake tests (Fig. 3). Due to the 
much longer test duration of 60 h for the in-situ experiment, the reaction products identified 
by in-situ XRD were considered to be closer to the thermodynamically favoured products 
than the products formed during acid bake experiments. These results show that reaction 























Fig. 5   In-situ XRD analysis of 250°C baked solid heated to 800°C, showing (a) full-scale 


















Fig. 6   Expanded in-situ XRD patterns showing disappearance of rare earth sulfate 
reflections and appearance of monazite and cerium oxide reflections at 650-800°C in the 
ranges: (a) 13-15° (b) 27.2-30.4° and (c) 44.7-48.9°C 2-theta 
3.5 SEM-EDS analysis 
3.5.1 Precipitation of thorium  pyrophosphate after baking at 300°C 
The leach results in Fig. 2 show that the dissolution of thorium and phosphate from monazite 
after baking at 300°C was limited to 65% and 21%, respectively, while 99% of the rare earth 
elements dissolved. The SEM-EDS analysis of 300°C bake solids and the corresponding 
leach residue showed that the rare earth elements were present as sulfates, while thorium was 
associated with a sulfur-bearing phosphate phase (Fig. 7a-b). In the leach residue thorium 
was also present as a phosphate type species, but with a significantly different composition 
and appearance to the thorium phosphate phase in the baked sample (Fig. 7c-d). It is 
reasonable to conclude that the thorium phosphate in the leach residue was a separate phase 
formed during the leach, as a precipitate, rather than a reaction product formed during the 
bake. When examined under high magnification this phase was found to be composed of 
















formation as a precipitate rather than a product of baking. The average composition, based on 
10 point EDS measurements, was 56.7% (w/w) Th, 24.3% (w/w) P and 3.1% (w/w) Si. The 
atomic ratio of cations to phosphorus was indicative of thorium pyrophosphate (ThP2O7) with 
some substitution of silica. Analysis of this sample by FT-IR, discussed in Section 3.6, was 
consistent with the identification of thorium pyrophosphate. The presence of thorium 
pyrophosphate in the leach residue suggested that by 300°C a significant portion of the 
orthophosphoric acid had been dehydrated to pyrophosphoric acid (Appendix A) in the bake 
via Eq. (1), which then reacted with thorium during leaching via Eq. (2). 
2H3PO4 → H4P2O7 + H2O(g) (in bake, ΔG
o
rxn = -53 kJ/mol at 300°C) (1) 
H4P2O7(aq) + Th(SO4)2(aq) → ThP2O7(s) + 2H2SO4(aq)  (in leach, ΔG
o
rxn = -67 kJ/mol 
at 25°C) 
(2) 
The decrease in thorium dissolution after baking at temperatures ≥300°C has been well 
documented in the literature (Eyring, 1964; Takeuchi, 1976; Wylie, 1959; Zhang et al., 
2015). However, most studies have attributed this decrease in thorium dissolution to the 
formation of thorium pyrophosphate during the bake (Takeuchi, 1976; Wang et al., 2010; 
Wylie, 1959), while the results from the current study suggest that thorium pyrophosphate 
















Fig. 7   BSE image and EDS spectra of thorium bearing phase in (a-b) 300°C bake solids and 
(c-d) 300°C leach residue 
 

















3.5.2 Formation of thorium/rare earth polyphosphate after baking at 400-500°C 
The leaching data in Fig. 2 showed that after baking at temperatures of 400 to 500°C the 
dissolution of rare earth elements decreased significantly. Also, the dissolution of thorium 
and phosphate further decreased to <10% after baking at 500°C. Investigation of the samples 
baked at 400 and 500°C by SEM-EDS showed that two main phases were present, namely a 
thorium-rare earth phosphate and a rare earth sulfate phase (Fig. 9). The thorium-rare earth 
phosphate was present as a porous network surrounding pockets of rare earth sulfate. 
Incorporation of rare earth elements into this insoluble phosphate phase explained the 
reduction in rare earth dissolution observed after baking at 400 and 500°C. The presence of 
sulfur in this phosphate phase also explained the slight reduction in sulfur dissolution after 
baking at 400 and 500°C (Fig. 2). The average atomic ratio of cations to phosphorus by EDS 
analysis (Table 4) was much lower than that observed for the proposed pyrophosphate 
formed during leaching of the sample baked at 300°C, and was indicative of a polyphosphate 
type species. The presence of polyphosphate species in these samples was strongly supported 
by the FT-IR analysis, as discussed in Section 3.6. The term polyphosphate encompasses a 
variety of condensed phosphate compounds including cyclic (e.g. Thn(PO3)4n or Lnn(PO3)3n), 
chain, branched and sheet phosphates (Appendix A). The atomic ratio of cations to 
phosphorus in the polyphosphates observed here was broadly consistent with long-chain or 
cyclic type polyphosphates. However, precise identification was not possible due to the 
amorphous and non-homogeneous nature of this phase, combined with the limitations of the 
techniques available.  
Table 4   Average composition of polyphosphate phase in 500°C leach residue by EDS1 
Composition (atomic ratios, normalised to P) 
Ce La Nd [Ce,La,Nd] P Si S Th 
0.10 0.055 0.033 0.19 1.00 0.055 0.14 0.059 


















Fig. 9   BSE images and EDS spectra of (a) bake solids after acid baking monazite at 500°C, 
(b) EDS spectrum of RE-sulfate in bake solids, (c) residue after leaching 500°C bake solids, 
and (d) EDS spectrum of insoluble Th,RE-phosphate in residue 
3.5.3 Formation of monazite after baking at 800°C 
There was little change in the leaching behaviour of monazite baked at temperatures between 
500 and 650°C (Fig. 2). However, there was a marked decrease in rare earth dissolution from 
the sample baked at 800°C due to the re-formation of monazite at temperatures between 650 
and 800°C. In agreement with XRD analysis, the SEM-EDS analysis of these samples 
confirmed the formation of a new rare earth phosphate phase with a composition closely 
matching that of the original monazite (Fig. 10 & Fig. 11). Interestingly, this monazite 
appeared to have formed at the interface between the thorium-rare earth phosphate and rare 
















(Th,RE)(POx)n + RE2(SO4)3 → (RE,Th)PO4 (monazite) + SO3(g)    (where 2 < x < 4) (3) 
 
Fig. 10   BSE images of particles from 800°C acid bake (a) before leaching and (b) after 
leaching and (c) EDS line scan from edge of particle towards centre, showing monazite 


















Fig. 11  EDS spectra of phosphate phases in solids baked at 800°C 
Compared to the original monazite, the re-formed monazite contained less thorium and was 
visibly different under the electron microscope. It also appeared to contain a significant 
amount of sulfur. Based on the measured 22% decrease in rare earth dissolution between 
bakes at 650°C and 800°C, it was estimated that at least 22% of the rare earths were 
incorporated within the re-formed monazite. 
3.6 FT-IR spectroscopy 
Infrared spectra of the monazite sample and the leach residues after baking in the temperature 
range of 300-800°C are presented in Fig. 12, and the band assignments are summarised in 
Table 5, which can be related to the structures shown in Appendix A.  
Two distinct orthophosphate bands at 940 and 980 cm-1 were observed in the IR spectrum of 
the unbaked monazite sample. The same bands were present in the spectrum of the leach 
residue from monazite baked at 800°C. This was consistent with the re-forming of monazite 

























































monazite  980a, 940a    
300 2340a, ~2850a  1065b,c, 920a,b  1622a, ~3300a 












800  980a, 940a  1232b,c, 1045c,d 
700-780c,d 
 
*Note: 1622 = free water, 3300 = adsorbed water. 
References: a. Socrates (2001) b. Hirai et al. (2004) c. Ilieva et al. (2001a) d. Ilieva et al. (2001b) e. Dacheux et al. (2005) 
 
The IR spectrum of the leach residue from monazite baked at 300°C contained a distinct band 
at 1065 cm-1 that was not observed in other samples, except perhaps weakly in the sample 
baked at 400°C. This band was attributed to the asymmetric stretching vibration of terminal 
PO3 groups in pyrophosphate (Hirai et al., 2004; Ilieva et al., 2001a). The 920 cm
-1 band, also 
only observed in the leach residue of monazite baked at 300°C, could then be assigned to the 
symmetric stretch of PO3 groups (Hirai et al., 2004; Socrates, 2001). These results, like the 
SEM-EDS results, were consistent with the identification of thorium pyrophosphate in the 
leach residue of monazite baked at 300°C. 
The bands observed at 700-780 cm-1 were attributed to the symmetric stretches of the 
bridging POP groups in polyphosphates (Ilieva et al., 2001a; Ilieva et al., 2001b). The band at 
1220-1232 cm-1 was assigned to the asymmetric stretching mode of the PO2 group, also 
characteristic of polyphosphates (Dacheux et al., 2005; Hirai et al., 2004; Ilieva et al., 2001a; 
Ilieva et al., 2001b). Other bands assigned to polyphosphates were observed at 1110-1130 
cm-1 and at 990 cm-1 (Dacheux et al., 2005; Hirai et al., 2004; Ilieva et al., 2001a; Ilieva et al., 
2001b). The polyphosphate related bands were weak features in the leach residue from 
















650°C bakes. In the leach residue from monazite baked at 800°C, the 1232 and 700-780 cm-1 
bands were present but reduced in intensity indicating that polyphosphates were formed at 
baking temperatures from 400°C up to 800°C. The reduction in band intensity between 650 
and 800°C is suggestive of partial decomposition or reaction with other species, which is also 
evident from the SEM-EDS results. 
The weak bands observed at 2340 and ~2850 cm-1 are characteristic of POH stretching 
modes, which indicated the presence of hydrogen phosphates (Socrates, 2001). These 
hydrogen phosphates were considered unlikely to have formed during baking, but may have 
precipitated during the leach. It is also possible that they were formed during sample handling 
and storage as a result of water uptake due to hygroscopicity. The presence of water was 
indicated by the bands at 1622 cm-1 and 3100-3500 cm-1 (Socrates, 2001).  
The complexity of the spectra in the 1200-900 cm-1 region was attributed to the presence of 
overlapping bands related to the polyphosphates and hydrogen phosphates. These bands were 
difficult to assign conclusively.  
3.7  Thermogravimetric analyses of acids and monazite/acid mixture 
3.7.1 Sulfuric acid 
The TG curve of 96% (w/w) sulfuric acid in Fig. 13 shows an initial weight gain up to 100°C, 
attributed to uptake of moisture from the air, followed by removal of this water and of the 4% 
(w/w) of dilution water between approximately 100 and 200°C. This was followed by 
complete removal of the acid between 200 and 250°C. Based on computed thermodynamic 
equilibria by Schwartz et al. (2000), it is probable that the loss of acid occurred mainly 
through decomposition to produce gaseous sulfur trioxide and water. 

















Fig. 13   TG-DSC of 96 wt.% sulfuric acid in air (heating rate = 5°C/min) 
3.7.2 Orthophosphoric acid 
In the TG-DSC analysis of 85% (w/w) orthophosphoric acid (Fig. 14), the initial evaporation 
of dilution water is followed by a distended mass loss from 120 to 420°C, which must 
represent further loss of water through dehydration, before sublimation of the final 
dehydration product at approximately 540°C. This dehydration process is known to occur via 
condensation reactions which lead to the formation of various forms of polyphosphoric acid 
(Corbridge, 1978). The reactions can be represented as Eq. (5) for chain polyphosphoric acids 
(Corbridge, 1978) and Eq. (6) for cyclic polyphosphoric acids (Rashchi and Finch, 2000): 
nH3PO4 → Hn+2PnO3n+1 + nH2O(g) (5) 

















Fig. 14   TG-DSC of 85 wt.% orthophosphoric acid in air (heating rate = 1°C/min) 
3.7.3 Monazite with sulfuric acid 
The thermogravimetric analysis of a monazite/sulfuric acid mixture with an acid addition of 
1400 kg/t is presented in Fig. 15. A relatively slow heating rate of 1°C/min was used to allow 
time for reaction of monazite with sulfuric acid before the rapid volatilisation of sulfuric acid 
which occurs at 200-300°C. The slow heating rate was necessary, as XRD analysis of the 
final TG-DSC products showed that reaction of monazite with sulfuric acid was incomplete 
when a heating rate of 5°C/min was used. 
The DSC curve shows four main endothermic events, each with an associated mass loss. The 
initial weight gain of 5.7% below 100°C was attributed to uptake of water by sulfuric acid as 
also observed in the sulfuric acid TG curve in Fig. 13. The first endothermic event, at 123°C, 
was attributed to evaporation of water and at least partial reaction of monazite with sulfuric 
acid, generally accepted to occur via the reaction in Eq. (7) (Wang et al., 2010): 
2LaPO4 + 3H2SO4 → La2(SO4)3 + 2H3PO4   (ΔG
o
rxn = -107 kJ/mol at 200°C) (7) 
Although there is no directly associated mass loss, the dehydration of orthophosphoric acid is 
reportedly initiated, albeit slowly, from 100°C (Higgins and Baldwin, 1955).  
A second endothermic event and mass loss occurred between 170 and 260°C. The majority of 
the associated mass loss was attributed to decomposition of excess sulfuric acid, for which 
the predicted theoretical mass loss was 19.3%. The TG-DSC analysis of 96% (w/w) sulfuric 
acid in Fig. 13 confirmed the above conclusion. Additional confirmation was provided by 
















quantities of acid used closely correlated with the magnitude of the mass loss associated with 
this endothermic event. Further reaction of monazite with sulfuric acid may also be 
occurring, partially contributing to this thermal event. 
 
Fig. 15   TG-DSC analysis of monazite with sulfuric acid in air (heating rate = 1°C/min) 
The third endothermic event, appearing to consist of two overlapping endotherms at 300-
370°C, was attributed to formation of the amorphous polyphosphates identified by SEM-EDS 
in the 400°C bake. The mechanism of formation may be by reaction of polyphosphoric acids, 
formed from dehydration of orthophosphoric acid via Eqs (5) & (6), with thorium and rare 
earth sulfates. The mass loss would then be due to decomposition of sulfate, probably in the 
form of sulfur trioxide. Although the proposed mechanism could not be confirmed in the 
scope of the present study due to the amorphous and ill-defined nature of the polyphosphate 
species, the findings tend to support the formation of polyphosphates by reaction of rare earth 
sulfates with polyphosphoric acid as reported by Wang et al. (2010). 
The final thermal event was highly distended, occurring between 400 and 850°C. On the 
basis of identification of monazite at 700-800°C by XRD and SEM-EDS, it was thought that 
this event was largely due to gradual reaction of the amorphous polyphosphate with rare earth 
sulfate resulting in eventual formation of monazite. Analysis of the final TG-DSC solids by 
















process are given by Eqs. (8) & (9). The polyphosphate species in these reactions (Th(PO3)4 
and La(PO3)3) do not represent the actual polyphosphates formed in this study, which were 
amorphous and could not be fully characterised using the techniques available. The formulae 
Th(PO3)4 and La(PO3)3 correspond to cyclic polyphosphates, and were the only thorium and 
rare earth polyphosphate species for which thermochemical data was available. These species 
are used here as a general representation of thorium and rare earth polyphosphate species, to 
illustrate the reaction proposed for re-forming of monazite. The calculated standard Gibbs 
free energy values therefore only provide a general approximation of the values for the actual 
proposed reaction process. Further work is required to confirm the specific reactions. 
3Th(PO3)4 + 4La2(SO4)3 → 8LaPO4 + Th3(PO4)4 + 12SO3(g)  (Δ
oGrxn = -900 kJ/mol 
at 800°C) 
(8) 
La(PO3)3 + La2(SO4)3 → 3LaPO4 + 3SO3(g)  (Δ
oGrxn = -144 kJ/mol at 800°C) (9) 
The theoretical mass loss for complete re-forming of monazite via the above reactions is 
16.4%, which was close to the 16.3% mass loss observed in the TG curve in Fig. 15. The re-
forming of monazite was only partially complete during the static bake experiment at 800°C, 
with 52-55% of the rare earths remaining as soluble sulfates. This was consistent with the 
TG-DSC results, which showed the reaction was kinetically slow, and only complete at 
approximately 860°C. 
4 Conclusions 
Bake temperature has been demonstrated to have a profound effect on the reaction processes 
occurring during sulfuric acid baking of monazite, which in turn determine the leachability of 
the rare earths and other elements. The reaction of monazite with sulfuric acid to form soluble 
sulfates was practically complete at 250°C (96% RE dissolution), using an acid addition of 
1700 kg/t and a 2 h reaction time. Virtually complete dissolution of the rare earths, phosphate 
and thorium was obtained during leaching after the 250°C bake. 
Increasing the final bake temperature to 300°C resulted in the formation of an amorphous 
thorium phosphate type precipitate during leaching, while the dissolution of rare earth 
elements increased to 99%. Analysis of the leach residue by EDS and FT-IR spectroscopy 
















Further increasing the bake temperature to 400°C resulted in formation of insoluble and 
amorphous thorium-rare earth polyphosphates. This led to a dramatic decrease in the 
dissolution of thorium, phosphate and the rare earths, with thorium and phosphate affected to 
a greater extent than the rare earths. 
Between 500 and 650°C there was little change in the reaction products formed. However, 
baking at 800°C led to the re-formation of monazite, with a corresponding sharp decrease in 
the dissolution of rare earth elements. The presence of re-formed monazite was confirmed by 
XRD, FT-IR and SEM-EDS analysis. A rare earth trimetaphosphate (a cyclic polyphosphate) 
was also identified by XRD in the solids baked at 800°C. The re-forming of monazite would 
appear to preclude baking at very high temperatures in a commercial process. 
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7 Appendix A 
 
Orthophosphoric acid (H3PO4) 
  
Pyrophosphoric acid (H4P2O7) 
 
Monazite (Ln = rare earth element) 
 
Trimetaphosphoric acid (H3P3O9) 
 
Chain polyphosphoric acid 





Triphosphoric acid (H5P3O10) 


















8 Appendix B  
Table B1   Thermodynamic data for species identified in this work and related species or 
constituents 
Species ΔfH° S° ΔfG° Reference 
  kJ mol-1 J mol-1 K-1 kJ mol-1 
 
P4(g) 58.9 279.877 
 
(a) 
O2(g) 0 205.2 
 
(b) 
H2O(g) -241.826 188.835 -229 (c) 
H3PO4(l) -1271.702 150.8 -1130 (a) 




HPO3(aq) -982.822 150.624 -910 (a) 
S8(g) 101.277 432.536 
 
(a) 
SO3(g) -450.617 88.282 -754 (a) 
H2SO4(l) -788.335 270.03 -704 (a) 
La(cr) 0 56.9 
 
(b) 
LaPO4(cr) -1903.72 98.324 -1788 (a) 
LaP3O9(cr) -3353±42 212 -3307 (e) 
La2(SO4)3(cr) -3941 280.328 -3614 (a) 
Th(cr) 0 51.8 
 
(a) 
Th3(PO4)4(cr) -7154.64 1648.14 -6695 (d) 
ThP2O7(cr) -3070.9 189.6 -2872 (e) 
Th(PO3)4(cr) -4660.5 304 -4326 (e) 
Th(SO4)2(aq) -2556.399 -92.002 -2262 (a) 
Th(SO4)2(cr) -2542.6 159 -2310 (c) 


















Highlights for Review 
 Selective extraction of rare earths from thorium and phosphate after baking at 300°C 
 Determined that the decrease in extraction of rare earths at bake temperatures of 400-
500°C was due to formation of insoluble thorium-rare earth polyphosphates 
 Between 650 and 800°C, monazite was partially re-formed, leading to a further 
decrease in rare earth extraction 
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